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ABSTRACT
A capillary electrophoresis (CE) method is developed to determine both NAD + and NADH levels in a single cell, based on an enzymatic cycling reaction. The detection limit can reach down to 0.2 amol NAD + and 1 amol NADH on a home-made CE-LIF setup. The method showed good reproducibility and specificity. After an intact cell was injected into the inlet of a capillary and lysed using a Tesla coil, intracellular NAD + and NADH were separated, incubated with the cycling buffer, and quantified by the amount of fluorescent product generated. NADH and NAD + levels of single cells of three cell lines and primary astrocyte culture were determined using this method. Comparing cellular NAD + and NADH levels with and without exposure to oxidative stress induced by H 2 O 2 , it was found that H9c2 cells respond to the stress by reducing both cellular NAD + and NADH levels, while astrocytes respond by increasing cellular NADH/NAD + ratio. An enzymatic cycling assay for NAD + and NADH determination has been developed since 1960s, in which NAD + is reduced to NADH in one enzymatic reaction, and NADH is oxidized back to NAD + in another with the production of a colorimetric product. 19, 20, 21 Recently, a reaction with a fluorescent product was coupled into the enzymatic cycling system, making the method even more sensitive. 22 Other methods. NAD + and NADH have also been quantified using HPLC and ESI-MS, yet detection limit of these methods are only at µM level with a bulk sample volume and pmol level, respectively. 25, 26 As NAD + and NADH in most cells falls on amol level, a more sensitive method is needed for single cell analysis. 
Single cell capillary electrophoresis
CE-based enzymatic assay
Enzymatic reactions are often conducted in flow-control systems (chromatography, flow injection assay, capillary electrophoresis, etc.) in order to produce more reliable results than off-line reactions. In these systems, efficient mixing of the reactants in a controllable manner is always an essential issue. For enzymatic assays carried out in a CE column, which is called electrophoretically mediated microanalysis or EMMA, 33 mixing is often based on the difference of migration rates of different reactants. With the continuous mode of EMMA, for example, the capillary is initially filled with running buffer containing one of the reactants while the other reactant is injected into the capillary as a sample plug. As separation voltage is applied and electrophoresis starts, the second reactant, which migrates either faster or slower than the first reactant in the running buffer, will catch up or be caught up by the first reactant. After the reactants are mixed, the flow is stopped to allow the reaction accumulate for a period of time. Then separation voltage is applied again and the products are driven to pass the detector. For enzymatic reactions with high turnover rate, the reaction may take place as soon as the reactants contact each other even before the incubating period, and continues as the reactants and products are driven through the capillary. This may lead to a frontal or tailing peak on the electropherogram.
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Overview of this work
In this study, a method of in-capillary enzymatic cycling assay is developed to determine NAD + and NADH content of a single cell. To show the applicable potential of this method in biological study, cells subjected to hydrogen peroxide are analyzed. Intracellular NAD + and NADH level change under these conditions provides information about how cells respond to oxidative stresses. and diluted to 100 mM without further adjustment. All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received. Ultrapure water from a Mili-Q system (Milipore, Billerica, MA, USA) was used throughout the experiments.
Cell culture and cell treatment
Cell lines -NIH/3T3, a mouse fibroblast cell line, was cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% bovine growth serum. MRC-5, a human lung fibroblast cell line, was cultured in EMEM supplemented with 10% fetal bovine serum.
H9c2, a rat heart myoblast cell line, was cultured in DMEM supplemented with 10% fetal bovine serum. All three cell lines were purchased from American Type Culture Collection A home made capillary electrophoresis system was set up as previously described. 
Cell injection.
A chamber made by attaching a Teflon O-ring on a clean glass slide was used to hold cells or standard samples for injection ( Figure 6 ). Cells suspended in HBSS were added into the chamber which was mounted close to the etched capillary tip, under the observation of a 60× bright field microscope. Single cells were injected via a pulse of vacuum exerted by pulling a 3 mL syringe inserted into the sealed buffer vial at the other end of the capillary. After an individual cell was drawn into the etched capillary tip, it was allowed to settle down to the capillary wall for 60s, during which the cell usually attaches to the capillary wall. A Tesla coil was then used to break the cell membrane ( Figure 7 ). 30 A cell was usually lysed within 5 seconds this way, although no apparent morphological change can be observed. The capillary was then lifted up from the cell suspension and placed into a glass vial containing the running buffer. The entire process of cell injection takes about 2 minutes.
Injection of standard samples. NAD + and NADH standard samples (either alone or mixed) were made in 100 mM Tris buffer (pH 8.5) and added into the O-ring chamber. The samples were injected via electroosmotic flow by applying 22 kV for 3s. The injected volume was later calculated by relating to the migration rate of NAD + and NADH through the capillary under 22 kV, respectively. On each day of single cell analysis, the in-capillary enzymatic cycling assay was calibrated with NAD + and NADH standards.
Statistics
All results except those of single-cell analysis are represented as means ± standard error (SEM) on 3 observations. Student t test was used to compare data of two groups. p values less than 0.05 were considered statistically significant. 
CHAPTER 3. RESULTS AND DISCUSSION
Enzymatic cycling assay in capillary
The enzymatic assay used in this study produces a fluorescent product, resorufin. This makes it possible to carry out the enzymatic cycling reaction in a capillary and detect the product with laser-induced-fluorescence (LIF) to achieve very low detection limit.
Meanwhile, NAD + and NADH can be separated through capillary electrophoresis before they each induce the cycling reaction individually. Tested with buffers of different pH, it was found that the six components in the reaction can all be separated in 100 mM Tris buffer of pH 8.5 ( Figure 8 ).
Among all the components in the cycle, NADH has the slowest migration rate while NAD + has the highest migration rate except lactate, which migrates much faster than the others. This means: 1) NAD + and NADH can be separated electrophoretically under this condition; 2) after being injected as a mixture, NAD + can catch up all the other reactants (except lactate which will catch up NAD + ) and NADH lags into all the other reactants, and the mixing will induce the cycling reaction.
Evaluation of the method
Detection limit and dynamic range of the online cycling method. Figure 9 shows that peaks corresponding to NAD + and NADH are separated after 3 minutes of electrophoresis and 3 minutes of incubation at room temperature. With longer incubation time and higher enzyme (both DIA and LDH) concentration, NAD + and NADH peaks are higher, and a better detection limit can be achieved. The detection limit of this system is also dependent on the concentration of resazurin in the running buffer. As resazurin is weakly fluorescent at the detection wavelength (~ 580 nm), it causes a non-zero background to the running buffer, which rises as the concentration of resazurin goes up. Since the sample plug does not contain resazurin, it causes a negative peak when the adjacent NADH peak is not high and broad enough to cover it. A high background adversely affects the detection limit of the system, especially for NADH, the peak of which is immediately following the negative peak of the injected buffer plug. With a running buffer containing 0.2 U/mL LDH, 0.2 U/mL DIA, 0.5 mM lactate and 0.25 µM resazurin, the detection limit of NAD + can reach down to 0. Reproducibility of the method. To assess the reproducibility of the in-capillary enzymatic cycling assay, 500 nM NAD + was run 6 times, with 0, 100, 200, 500, 800, 1000 nM NADH, respectively; the relative standard deviation (RSD) of the NAD + -peak height is 0.040. Similarly, 500 nM NADH was also run 6 times with 0, 100, 200, 500, 800, 1000 nM NAD + and the RSD of the NADH-peak height is 0.050. Table 1 , which are also present in cells, are tested using the same assay. 1 µM of each compound is analyzed; no significant interference with NAD + or NADH is found.
Specificity of the method. Five NAD(H) related compounds listed in
Reliability of single-cell assay. NAD + and NADH content of a single H9c2 cell under normal condition determined by the single-cell assay is in accordance with that obtained from cell extracts ( Table 2 ). The results indicate that there is no significant error induced by the in-capillary cell lysing process. The cellular amount of NAD + and NADH determined here is also in the same range with reported data.
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Cell viability assessment
For cell lines, cell viability was higher than 90% under normal condition and there is no significant decrease (< 5%) under treatment with H 2 O 2 or 3-aminobenzamide followed by
Primary astrocyte culture has a lower viability even without treatment, around 80%.
Exposure to H 2 O 2 does not increase the death rate. Of course, different types of cells may respond to the same stimuli through totally different pathways. More investigations need to be done to verify whether the above presumption is true for astrocytes. 
